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T he layered structure of semiconducting transitionmetal dichalcogenides (TMDs) has been studied extensively. [1] [2] [3] [4] Modulating the thickness of TMDs enables tuning of the bandgap of the layered material owing to quantum confinement effects. 5, 6) For instance, bulk MoS 2 exhibits a 1.2 eV indirect bandgap, while monolayer MoS 2 has a 1.8 eV direct bandgap. 7) The ability to control the number of layers is especially useful in optoelectronics due to the transition from the indirect to direct bandgap. 8, 9) Furthermore, it is advantageous in designing heterojunction devices as it allows one to tune the bandgap, affording greater flexibility in device design.
Recently, various other controllable and repeatable etching processes have been investigated. Castellanos-Gomez et al. 10) used a laser to thin down few-layer MoS 2 flakes to a monolayer by decomposing the exposed area via laser irradiation. Lu et al. 11) air-annealed MoS 2 flakes at 650°C for several hours and showed sustained crystalline quality and surface roughening. Other groups have reported dry etching processes which used Ar, CF 4 , and XeF 2 plasmas. [12] [13] [14] Such dry etching processes are not self-limiting. These factors enhance the possibility of etching rate fluctuation, which makes the precise layer-by-layer control of etching challenging.
Here, we report layer-by-layer digital etching of sulfurized, large-area, single-crystal MoS 2 films. The detailed synthesis process and the structural quality of the films are reported in our previous work. 15) This digital etching technique was adapted from existing etching techniques used for III-V compound semiconductors via a cycle of surface layer oxidation and removal of the oxidized layer by wet etching. 16, 17) We show a stable "etching window", which removes a single monolayer in one cycle. The oxidation conditions we use only oxidize the first monolayer of the bulk MoS 2 surface. Next, this oxide layer is removed by hydrochloric acid (HCl). Due to its chemical and physical properties, MoS 2 has strong chemical resistance to common acids. 14) Owing to such properties, the MoS 2 itself functions as an excellent etching stop layer. Therefore, the Mo oxide layer formed on the surface of the sample can be selectively wet etched, making this etching technique a self-limiting process.
MoS 2 samples were prepared by sulfurizing a Mo-coated sapphire wafer in a quartz tube with MoS 2 powder as the sulfur precursor. The tubes are loaded in a furnace and heated to 1100°C for 4.5 h. An array of a 6 × 55 µm 2 rectangle pattern was defined by photolithography to measure the etching depth. After patterning the photoresist, the sample was placed in a plasma asher (Diener Pico) and oxidized using an oxygen plasma with a plasma power of 40 W and a process pressure of 1.1 Torr. The plasma exposure time was set to 5, 10, 20, and 30 min to investigate the etching rate as a function of oxidation time. The sample was then soaked in HCl for 5 min to remove the oxidized layer followed by a deionized (DI) water rinse. Multiple oxidation=oxidized layer removal cycles were repeated to perform layer-by-layer etching of the MoS 2 films. Photoresist was then removed before measuring the etching depth and surface morphology using atomic force microscopy (AFM; Bruker INOVA microscope). The absolute film thickness was measured by measuring the step height between the MoS 2 layer and a scratched area where MoS 2 was removed. The number of MoS 2 layers after etching was also confirmed by measuring the separation of the E 1 2g and A 1g peaks using Raman spectroscopy (Renishaw Raman FTIR microprobe) with a 514 nm wavelength laser (1 mW). To avoid sample-to-sample variations, one MoS 2 sample (area of 1 × 0.8 cm 2 ) was used for measuring the etching depth. The surface chemical bonding of the oxygen-plasma-treated MoS 2 and the post-wet-etching oxidized MoS 2 film were analyzed using X-ray photoelectron spectroscopy (XPS; Thermo VG Multilab 2000).
Digital etching of MoS 2 consists of a two-step process as illustrated in Fig. 1(a) . 1) Oxidize a monolayer of MoS 2 from the surface through oxygen plasma treatment. 2) Wet etch the oxide using HCl followed by a DI rinse. Steps 1 and 2 are repeated to etch the film layer-by-layer down to the desired thickness. The XPS spectra in the Mo 3d, S 2p, and O 1s regions for oxidized and wet-etched MoS 2 samples are shown in Figs. 1(b)-1(d), respectively. All peaks were fitted using a Gaussian function, and each fitted peak was plotted as the convolution of the original XPS data. For both samples, S 2− 2p 3=2 (blue), S 2− 2p 1=2 (violet), S 2s (orange), Mo 4+ 3d 5=2 (yellow), and Mo 4+ 3d 3=2 (green) peaks were observed at binding energies of 163, 164, 227, 229.9, and 233.1 eV, respectively. After oxygen plasma treatment, the O 1s peak intensity was enhanced. At the same time, the S 2p and Mo 3d peak intensities dropped markedly. Furthermore, two new peaks appeared at 168. 8 Figs. 2(a) and 2(b) , respectively. 10 min of oxidation was performed and then a 30 × 30 µm 2 area was scanned. The dark and bright regions indicate etched and non-etched areas, respectively, and the white line depicts the path along which the height profile was taken in the AFM image. Though the etching depth was less than 1 nm, the color contrast between etched and non-etched areas gives us clear evidence of uniform etching. The etching depths from different oxidation times and numbers of cycles were measured and are compiled in Fig. 2(c) . Error bars were determined based on data measured from several different areas on one sample. Based on XPS results, we assumed that 5 min of HCl exposure completely etched the oxidized layer in every cycle.
The constant etching depths of 0.7 nm (1 cycle) and 1.4 nm (2 cycles) clearly indicate that the etching rate is 1 monolayer (ML)=cycle. The etching depth remains constant despite increasing the oxidation time to as much as 30 min. It can also be inferred that even a short oxidation time of 5 min completely oxidizes the surface layer of the bulk MoS 2 . Based on the oxidation process of MoS 2 , the oxide islands nucleate randomly on the surface with a preferential direction and coalesce. 20) This oxidation process is self-limiting due to the rapid reduction of the diffusion rate of oxygen atoms, resulting in a constant etching depth for different oxidation times. Unlike digital etching of III-V semiconductors, 16 ) the digital etching rate of MoS 2 does not follow a logarithmic curve. Instead it shows a constant etching rate of 1 ML=cycle with negligible variation. We ascribe this to the structural difference between three-dimensional (3D) and two-dimensional (2D) semiconductors and the absence of out-of-plane bonds in 2D layered materials.
We performed Raman mapping of the peak shifts and AFM measurements as the etched region inside the exposed pattern was thinned down from the bulk to a few monolayers between each digital etching cycle. Since etching down to a monolayer often formed islands instead of a coalesced film due to the inherited surface roughness of the MoS 2 film, all films were etched down to 2 ML. Figure 3(a) shows the Raman spectra of the MoS 2 film for thicknesses ranging from bulk to 2 ML. As the number of etching cycles increased and the film thickness was reduced to a few monolayers, the peak intensities dropped and the frequency difference between the characteristic E 1 2g and A 1g peaks was reduced from 25 to 22.4 cm −1 . This reduction in peak spacing is due to the blue and red shift of the E 1 2g and A 1g modes, respectively, and can be utilized in identifying the number of MoS 2 layers. 21) Figure 3(b) shows both the frequency difference of the two peaks and the corresponding MoS 2 film thickness as a function of the number of layers. A linear trend of the overall film thicknesses was confirmed by measuring the AFM step height on the scratched area of the same sample. The error bars could be from the film roughness, which has an average RMS value of 0.6 nm, close to the thickness of 1 ML MoS 2 (shown later).
In Fig. 3(c) , selectively etched MoS 2 with patterning is shown in the optical microscope image, where the etched area (dark region) can be identified by the color contrast. Raman line scans and mapping were measured from the dashed line (20 µm) and area (25 × 35 µm 2 ), respectively. Figure 3(d) shows Raman spectra along the vertical direction in Fig. 3(c) . The non-etched region exhibits more than an order of magnitude stronger intensity of the E 1 2g and A 1g peaks as compared to the etched area. It can be seen that the peak intensities change abruptly as the laser spot moves from the non-etched regions to the etched regions and vice versa.
Uniformity of the etched area was confirmed by performing spatial Raman mapping inside the dashed square in Fig. 3(c) . Spatial Raman maps of both the frequency difference and peak intensity ratio (E 1 2g : A 1g ) are presented in Figs. 3(e) and 3(f), respectively. The peak frequency difference ranges from 21 to 23 cm −1 in the etched area (orange), whereas it varies from 25 to 26 cm −1 in the bulk region (light yellow), which verifies that the selective area is uniformly etched. The variations of color contrast in the etched area are due to the initial film thickness fluctuations originating from the CVD growth process. Further characterization of the film quality after etching was achieved by mapping the intensity ratio of the two dominant peaks. The intensity ratio in the asgrown sample shows a range of 1.0-1.3, which was reported in our earlier article.
4) The etched area shows an intensity ratio in the range of 1.0-1.2, while the bulk region shows a higher intensity ratio of 1.1-1.5. However, the peak intensity ratio in both the etched and bulk regions falls within in the reference range of 1.0-1.3, indicating that the film quality is sustained after the digital etching process. The photoluminescence data shows a peak at ∼1.85 eV (A1 exciton), which corresponds to the direct bandgap at the K symmetry point in MoS 2 (see the online supplementary data at http:// stacks.iop.org/APEX/10/035201/mmedia). Based on the PL measurement of an exfoliated MoS 2 film, as reported by Mak et al., 22) it can be concluded that our etched MoS 2 film is ∼3 ML thick, and this is in agreement with the AFM data. etching cycles were applied. The RMS surface roughness ranges from 0.55 to 0.65 nm, marked by the diagonal lines in Fig. 4(b) , and it shows no clear correlation with the number of digital etching cycles, indicating that the surface morphology is not affected by the etching process. Since the RMS roughness is close to the thickness of 1 ML of MoS 2 , there can be a 1-2 ML thickness variation across the sample, which was shown earlier in the Raman mapping images. An additional etching experiment was also conducted using exfoliated WS 2 to investigate whether the technique demonstrated in this work can be applied to other 2D materials. Multiple cycles of oxidation and wet etching were used to etch 4 nm exfoliated WS 2 (see the online supplementary data at http://stacks.iop.org/APEX/10/035201/mmedia).
In conclusion, we have introduced a digital etching technique to thin large-area, multilayered MoS 2 down to the desired thickness by removing a single monolayer per cycle. A constant etching rate of one monolayer=cycle and uniform etching were confirmed by AFM and Raman measurements. The controllable layer-by-layer etching of selective areas in MoS 2 films can be applied to control the layer thickness in epitaxially grown films, and can enable lateral engineering of structures such as bulk-monolayer heterojunctions. 
